ABSTRACT We report transient electric dichroism studies on monodisperse rod-like DNA molecules. By using restriction fragments and DNAs of known length, it is shown that the orientation time is accurately predicted by the theoretically calculated rotational diffusion coefficient. The field dependence of the steady-state dichroism values is not consistent with the induced electric dipole orientation mechanism, and the time dependence is not consistent with the presence of a permanent dipole moment. In order to explain the dependence of the dichroism on the electric field, the ionic strength of the medium, and the length of the macromolecule, we propose a new model in which anisotropic ion flow produces an asymmetric ion atmosphere around the polyelectrolyte, resulting in an orienting torque. From the limiting dichroism at high field, we estimate that the DNA bases are inclined at an angle of 730 or less relative to the helix axis, in good agreement with the revised model of B-form DNA suggested by Levitt, in which the base pairs have a propeller-like twist. Our results establish transient electric dichroism measurements as a technique well suited for study of alterations in the length and base pair inclination of rod-like DNA molecules.
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Electric dichroism, a form of linear dichroism induced in a solution of optically anisotropic macromolecules that have permanent or induced electrical anisotropy, is potentially of great value for study of structural alterations in DNA (1) (2) (3) (4) (5) . Theory indicates that the orientation time should depend on the third power of the length of rod-like double helical fragments, whereas the dichroism amplitude, extrapolated to perfect molecular orientation, depends on the angle between the electronic transition moment and the molecular orientation axis. These features make electric dichroism well suited to such problems as change in DNA length and base pair orientation when drug or protein molecules are bound. However, for several reasons, this potential has not been fully realized. Monodisperse DNA fragments are required, and the restriction enzymes necessary for their production have only recently become widely available. Furthermore, electric dichroism equipment capable of resolving orientation times of a few microseconds and operating at salt conditions of at least 1 mM to avoid irreversible degradation (6) is not generally available. Perhaps most important, the physical origin and general properties of the orienting force have not been clear, because the field-dependence of the dichroism implies a constant or permanent dipole moment (3), whereas the 2-fold symmetry of the DNA phosphodiester chains in a double helix rules out a permanent molecular dipole moment directed along the helix axis.
The purpose of this paper is to show that electric dichroism can be used to obtain accurate values for the length of DNA molecules in the size range 100-250 base pairs, to characterize the variables that control the dichroism, and to suggest a new model for the origin of the torque in the electric field-induced orientation of polyelectrolytes. As have others (6, 7), we have adapted our temperature-jump instrument to perform the electric dichroism measurements. 
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in which A 1 1 and A are the absorbances of light polarized parallel and perpendicular to the field, respectively, and A is the isotropic absorbance without the field. The magnitude of p depends on the angle a between the chromophore transition moment and the molecular orientation, expressed by the orientation function 4) defined by O'Konski et al. (10) (0 < 4 < 1). Specifically (11), p=2 (3cos ca-1)4 [2] in which 4) is a complicated function of the field, whose form depends on the angular dependence of the potential energy (10) .
MODELS FOR THE ORIENTATIONAL FORCE Permanent and Induced Dipole Moments. These are the two standard mechanisms for electric field-induced orientation of macromolecules, for which the orientation function 4l has been calculated by O'Konski et al. (10) . The potential energy U depends on the electric field E, according to the equations U = -,E cos 6 (permanent moment)
in whichg is the molecular dipole moment, Aa is the polarizability anisotropy of the molecule, and 6 is the angle between the field and the molecular orientation axis. (6) , developing the Mandel (12) model, suggested that saturation of the ionic polarizability, as a result of filling the ion binding sites at one end of the macro-ion, could be responsible for limiting the dipole momen't to a maximum value. Consequently, a "permanent" moment would appear in the field dependence (13) . However, our results indicate that saturation of the polarizability would have to occur at surprisingly small values of the field and charge displacement. In addition, the models for an induced dipole moment consider the macro-ion with its ion atmosphere to be isolated from other ions, thus neglecting the counter-ion flux which tends to restore positive charges to the more negative end of the macro-ion and remove them from the more positive end. For example, in 1 mM NaCl the Debye radius is about 100 A, and the mean distance between counter-ions is roughly 120 A. A field of 104 V-cm-l causes a Na+, with mobility 5 X 10-4 cm2.sec'.V-l, to move a distance of 2500 A during the average 5-,sec interval required for DNA orientation after application of the field. Therefore, many counter-ions cross the polyelectrolyte ion atmosphere during the orientation process, and one must consider the possible influence of their steady-state flow on DNA orientation. A principal feature of counter-ion flow is that the ions move more readily along the helix axis than perpendicular to it, because the latter motion requires escape from the local electrostatic energy minimum.
Orientation tation in an electric field is the torque exerted on the macro-ion by an ion atmosphere that has lost cylindrical symmetry because of steady-state counter-ion flow. The model is analogous to Onsager's (14) analysis of the retarding force exerted on a simple ion by its ion atmosphere, which loses spherical symmetry during electrophoresis. In both cases the diffusive processes that produce relaxation of the ion atmosphere toward cylindrical or spherical symmetry are not rapid enough to be completely effective in the presence of steady-state ion flow. Fig. 1 left shows the model schematically. Ions captured at the right end of the DNA rod tend to flow parallel to the helix axis until released at the left end. Consequently, there is a relative deficiency of counter-ions below the macro-ion on the right and a corresponding relative excess below it on the left. Hence, one expects that anisotropic ion flow should lead to a loss of cylindrical symmetry of the ion atmosphere about the helix axis. Fig. 1 right shows how a torque arises from the interaction of the asymmetric ion atmosphere with the macro-ion. The lines represent the centers of the negative (DNA) and positive (counter-ion) charge distributions. At each end the DNA molecule is attracted toward the center of its ion atmosphere. The result is a torque which, for small displacements, must be proportional to the displacement a of the two lines from each other. The asymmetry a should be proportional to the axial ion current ia, which is assumed to be linear in the field, and proportional to the projection of the DNA axis on the field:
a cc E cos 6.
[4]
However, because a depends on the local balance of electrophoretic and diffusive processes, we suppose it to be independent of molecular length L. The torque exerted as a result of the charge center separation is proportional to a and to the lever arm L sin 6. Integration of the line charges over L provides another factor L in the torque T. Therefore, T cx -L2 E cos 6 sin 6.
[5] The negative sign is required so that T acts to reduce 6 when 0 < 6 < ir/2. Eq. 5 is equivalent to a potential energy of the [7] in which the rotational correlation time is rv, = (6&))- Tr Increases Dramatically at 1 mM Na+. It has been observed that the field-free relaxation time of DNA in low-salt solutions increases considerably when the ionic strength is <1 mM, an effect interpreted (18) as arising from DNA stiffening due to phosphate repulsion. We found (Fig. 4) I/rM 6 8 FIG. 4 . Variation of relaxation time with ionic strength. T,/r8 is the ratio of relaxation times at the salt concentration specified to T8 at 2.5 mM Na+. 0 Na+, 0 Mg2+, e Ca2+, with calf thymus DNA; m Na+, with Escherichia coli DNA; Na+, with Micrococcus luteus DNA; 0 Na+, with Clostridium perfringens DNA. The data show that the DNA sample is altered in Na+ solutions below 2 mM concentration.
Flow Model Fit the Observed Field Dependence of the Dichroism Amplitude. Dichroism amplitudes provide useful information about molecular structure only if the influence of the orientation function 4I can be removed-for example, by extrapolation to perfect orientation at infinite field. Fig. 5 shows a test of our data against the three relevant models, showing that the permanent dipole and ion flow models fit within experimental error, whereas the induced moment model does not. As shown in the inset, a plot of dichroism versus reciprocal field is linear at high field and requires only a short extrapolation to infinite field (perfect orientation).
The Apparent Dipole Moment Varies with the Square of Molecular Length. This result is illustrated for the ion flow model in Fig: 6 . The apparent dipole moment A at constant ionic strength increases linearly with L2 and extrapolates to zero when L = 0. This behavior is predicted by Eq. 6b. The theory for a pure induced dipole moment predicts that the dipole moment should vary with L3 (19) (20) (21) , which clearly is inconsistent with our data.
The data in Figs. 5 and 6 allow one to set limits on the field at which saturation of an induced dipole moment would have to occur to satisfy the observations. For example, for a 230-base-pair fragment, saturation would have to be essentially complete at only 1 kV/cm, yielding a limiting dipole moment of 8500 Debye, equivalent to a charge displacement from one end of the DNA to the other of 11 counter-ions, out of a total of 460 positive charges. We see no simple basis for expecting polarization saturation to occur at such low degrees of charge displacement. On the other hand, the ion flow model recognizes the reality of extensive ion movement through the solution and correctly predicts the field and length dependence of the orientation.
The The angle a measures the average orientation of the base transition moments relative to the helix axis and cannot strictly be equated to the orientation angle of the bases for two reasons. First, it is possible that transition moments polarized out of the base plane contribute appreciably to the absorbance. We tested the wavelength variation of the reduced dichroism from 250 to 285 nm and found no dependence. We conclude that it is unlikely that out-of-plane transitions, such as n -r*, contribute appreciably to the measured dichroism.
The second difficulty in equating a to the base inclination angle is that a measures the orientation of a vector (the transition moment) that lies in the plane of the base but whose angle need not equal the angle between the base plane and the helix axis. It is possible for a to be larger than the base plane inclination; for example, a could be 900 even though the base is tilted away from the perpendicular to the helix axis. However, a cannot be smaller than the base inclination angle. Therefore, we can conclude that the bases in B DNA seem to be inclined at an angle of 730 or less relative to the helix axis; the accepted value for this angle for B DNA is about 840 (24 (25) , smaller than the accepted value. Given such a model, and the general orientation of the 260-nm band base transition moments perpendicular to the axis of twist between the bases in a pair (26) , a should be nearly equal to the base inclination angle. Hence, Levitt's calculation and our results are in good agreement, strongly suggesting further consideration of his modified model for the structure of DNA in solution.
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